Yamaguchi T, Reif GA, Calvet JP, Wallace DP. Sorafenib inhibits cAMP-dependent ERK activation, cell proliferation, and in vitro cyst growth of human ADPKD cyst epithelial cells.
AUTOSOMAL DOMINANT POLYCYSTIC kidney disease (ADPKD) is one of the most common hereditary renal disorders and accounts for ϳ10% of patients with end-stage renal disease requiring renal replacement therapy. Although cysts are benign neoplasms, their unrelenting growth leads to extensive nephron loss, interstitial fibrosis, and progressive loss of renal function. ADPKD is caused by mutations in PKD1 (85% of cases) and PKD2 (15%), which encode polycystin-1 (PC-1) and PC-2, respectively (3, 11, 39) . It remains unclear how mutations in the PKD genes transform tubule epithelial cells into poorly differentiated cells that give rise to fluid-filled cysts. However, it is generally accepted that aberrant proliferation of cyst-lining epithelial cells is important for cyst enlargement. Cystic cells of ADPKD kidneys have increased activity of the mitogenactivated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway (18) , a key signaling cascade involved in the regulation of multiple processes required for cell proliferation and cell survival.
Raf kinases are a family of serine/threonine kinases that are intermediates in transmitting extracellular signals, including those from growth factors, to MEK, a MAPK kinase that phosphorylates and activates ERK (9) . Activation of the Raf/ MEK/ERK signaling pathway is essential in normal development and coordinates cell cycle reentry in response to growth factor stimulation during tissue repair. An initial step in the Raf/MEK/ERK pathway is activation of Ras, a small GTPase protein that recruits Raf to the plasma membrane and is required for Raf activity. Activated Raf phosphorylates and activates MEK which, in turn, stimulates ERK. Translocation of activated ERK to the nucleus leads to phosphorylation of transcription factors and the upregulation of the transcriptional activity of a number of genes involved in cell proliferation.
B-Raf and Raf-1 (also called C-Raf) are members of the Raf kinase family and are expressed in many cell types, including renal epithelial cells. B-Raf and Raf-1 share homology in amino acid sequence; however, the two kinases are differentially regulated. For example, Raf-1 requires phosphorylation at S338 for kinase activation. By contrast, S446, the corresponding site in B-Raf, is constitutively phosphorylated. In addition, Raf-1 contains two tyrosine residues that must be phosphorylated for full kinase activity. These residues are replaced in B-Raf with aspartic acid residues (D448, D449), mimicking phosphorylated tyrosines (14) . As a result, B-Raf requires fewer phosphorylation events for maximal activation. B-Raf has a higher affinity for MEK than does Raf-1 and produces the strongest induction of MEK activity; and when present, B-Raf seems to be the preferred MAPK kinase kinase.
cAMP signaling can either stimulate or inhibit the Raf/ MEK/ERK pathway and cell proliferation, depending on cell type and cellular conditions (26) . In astrocytes, smooth muscle cells, fibroblasts, and mesangial cells, cAMP inhibits ERK activity and cell proliferation by PKA phosphorylation of an inactivation site on Raf-1. On the other hand, cAMP signaling activates ERK and proliferation of other cell types, including thyroid cells, hepatocytes, and PC-12 neuronal cells. In ADPKD, cAMP has a central role in cyst growth by stimulating both fluid secretion and cell proliferation. We found that activation of cAMP signaling stimulates B-Raf, leading to increased ERK activity and proliferation of ADPKD cells, but it inhibits the proliferation of normal renal cells (43, 44) . The phenotypic difference in the mitogenic response to cAMP between normal and ADPKD cells appears to be related to steady-state Ca 2ϩ levels (42, 45) .
Several studies demonstrated the importance of cAMP activation of the B-Raf/MEK/ERK pathway in the proliferation of the cystic cells in PKD (21, 22, 42, 45) . Inhibition of cAMP production by blocking the vasopressin V2 receptor (V2R) with a receptor antagonist or reduction of plasma vasopressin levels through increased water intake lowered renal cAMP levels and inhibited ERK activity and cystic area (7, 16, 30, 34, 37, 38) . Tolvaptan, a selective V2R antagonist, is currently in clinical trials in ADPKD patients and studies to examine the beneficial outcome of increased water intake in ADPKD patients are being considered (31) . Octreotide is a long-acting somatostatin capable of reducing cAMP production via Gi activation and is also in clinical trials for ADPKD (23) . There are complicating side effects of treatments designed to lower renal cAMP, including persistent polyuria which makes it unclear whether these methods can be tolerated by the patient long-term (31) . By contrast, we think that B-Raf is an ideal target to slow cyst growth since B-Raf appears to be uniquely activated in ADPKD cyst cells and centrally located for ERK activation and cell proliferation.
Sorafenib (BAY 43-9006) is a multi-kinase inhibitor that was developed as a Raf inhibitor, but also has activity against receptor tyrosine kinases, including VEGFR and PDGFR (41) . Sorafenib (also called Nexavar) has been approved for treatment of advanced renal cell and hepatocellular carcinomas. In this study, we determined whether Sorafenib could block cAMP activation of the B-Raf/MEK/ERK pathway and proliferation of human ADPKD cyst epithelial cells. The results demonstrate that relatively low concentrations of Sorafenib completely blocked ERK activation and cell proliferation induced by cAMP alone, or in combination with epidermal growth factor (EGF). These data support the hypothesis that B-Raf has a central role in cAMP-dependent activation of ERK and cell proliferation in ADPKD. We conclude that small molecule Raf inhibitors may have therapeutic value in slowing the proliferation of cyst epithelial cells. (35, 42) . Cells were seeded and grown in T75 flasks containing DMEM/F12 (1:1) media supplemented with 5% FBS, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml sodium selenite (ITS). At 70 to 80% confluency, cells were lifted from the plastic and either frozen in culture medium containing 10% DMSO for storage in liquid N 2 or seeded directly for experiments.
METHODS

Primary
Sorafenib. Sorafenib {BAY ; N-(3-trifluoromethyl-4-chlorophenyl)-N=-[4-(2-methylcarbamoyl pyridin-4-yl) oxyphenyl] urea} was a generous gift from Bayer (West Haven, CT) (41) . Sorafenib was dissolved in DMSO and stored as a ϫ1,000 stock solution in a Ϫ20°C freezer.
Cell proliferation measurements. ADPKD cells (4 ϫ 10 3 cells/ well) were seeded into 96-well culture plates (6 wells/experimental condition) and incubated in DMEM/F12 supplemented with 1% FBS and ITS for 24 h. The serum concentration was reduced to 0.002% and ITS was removed for an additional 24 h before the experiment. For each experiment, cells were incubated in 0.002% FBS media containing 100 M 8-Br-cAMP, 25 ng/ml EGF, and/or Sorafenib (10, 50, or 100 nM) for 48 -72 h, and then cell proliferation was determined by Promega Cell Titer 96 MTT assay (44) .
Immunoblot analysis. Cells (0.5 ϫ 10 6 ) were seeded onto plastic petri dishes (100-mm diameter) containing DMEM/F12 medium with 1% FBS. The serum was reduced to 0.002% when the cells were ϳ75% confluent and the cells were allowed to grow for an additional 24 h. Cells were treated with Sorafenib for 30 min, and then 8-BrcAMP and/or EGF were added for an additional 15 min before cell lysates were prepared (43) . Immunoblots were probed with antibodies for phospho-ERK (E-4), ERK1 (C-16), and ERK2 (C14) from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody for phospho-MEK was purchased from Biosource (Camarillo, CA). Secondary antirabbit, -mouse, -rat, and -goat IgG conjugated to horseradish peroxidase were purchased from Santa Cruz Biotechnology.
Kinase assay. Soluble cellular extracts (500 g) were immunoprecipitated for 2 h by gentle rotation at 4°C with either an anti-B-Raf or anti-Raf-1 antibody that was covalently coupled to protein A/G PLUS agarose beads (43) . Immunoprecipitates were washed and resuspended in 20 l of solution containing 0.5 mmol ␤-glycerophosphate (pH 7.3), 1.5 mmol/l EGTA, 1 mmol/l dithiothreitol, and 0.03% Brij 35. The kinase activities of B-Raf and Raf-1 were determined by the phosphorylation of exogenous MEK, a natural substrate for the kinases. The kinase assay was performed in a reaction mixture containing 20 l of kinase reaction solution [16 l of 50 mmol/l MgCl 2, 2 l of 1 mmol ATP, and 2 g human MEK-1 fusion protein (full-length, Santa Cruz Biotechnology)], mixed with 20 l of the resuspended beads, and incubated for 30 min. The reaction was stopped by the addition of SDS sample buffer. The reaction product was immunoblotted using an antibody to phosphorylated MEK and visualized by the ECL system. Band images were captured and quantified by a Fluor-S MAX Multi Imager System (Bio-Rad, Hercules, CA).
Measurements of cultured ADPKD cysts. ADPKD cells (4 ϫ 10 3 cells/well) were dispersed within ice-cold type I collagen (Vitrogen; Collagen, Palo Alto, CA) in wells of a 96-well culture plate (35, 36) . Warming the plate to 37°C caused polymerization of the collagen, trapping the cells within the gel. Cells were incubated in a defined medium (DMEM/F12 with ITS, 5 ϫ 10 Ϫ8 M hydrocortisone, 5 ϫ 10 Ϫ5 M triiodothyronine) containing 5 M forskolin and 5 ng/ml EGF with or without Sorafenib for a total of 8 days. In a second series of experiments, EGF and forskolin were added for 3 days to initiate cyst growth. At this time, the outer diameters of the cysts were Ͻ100 m. The agonists were removed and the gels were rinsed twice with defined media. To initiate the experiment, control media or media containing 5 M forskolin, 50 nM Sorafenib, or the combination of the two agents were added. After 5 days, the outer diameters of cross-sectional images of spherical cysts with distinct lumens were measured using a digital camera attached to an inverted microscope and analyzed with video analysis software. Surface area was calculated from the outer diameters and total surface area of the cysts was determined from the sum of individual cysts within each well. Cysts with diameters Ͻ100 m were excluded from measurement.
Statistics. Data are expressed as means Ϯ SE. Statistical significance was determined by one-way ANOVA and Student-NewmanKeuls posttest for multiple comparisons or unpaired t-test for comparison between control and treated groups.
RESULTS
Effect of Sorafenib on cAMP-dependent activation of ERK and proliferation of human ADPKD cells.
To determine whether pharmacological inhibition of Raf kinases inhibits cAMP-dependent activation of ADPKD cell proliferation, we measured phosphorylated ERK (P-ERK) levels and proliferation rates of human ADPKD cells incubated in the absence or presence of various concentrations of Sorafenib (10 -100 nM).
The addition of 100 nM Sorafenib decreased P-ERK/ERK by 51 Ϯ 10% (P Ͻ 0.01, n ϭ 4; Fig. 1B ) and inhibited ADPKD cell proliferation by 31 Ϯ 7% (P Ͻ 0.001, n ϭ 7; Fig. 1A ). These results are in accordance with a previous study, in which H-89, a protein kinase A (PKA) inhibitor, and PD-98059, a MEK inhibitor, reduced ERK activity and cell proliferation below control levels (43) , suggesting that basal ADPKD cell proliferation is dependent, at least in part, on endogenous cAMP activation of the B-Raf/MEK/ERK pathway.
Addition of 100 M 8-Br-cAMP increased P-ERK/ERK by 60 Ϯ 19% (P Ͻ 0.001, n ϭ 4) and stimulated ADPKD cell proliferation by 45 Ϯ 9% (P Ͻ 0.001, n ϭ 6) compared with control-treated ADPKD cells (Fig. 1, A and B) . Treatment with 50 nM Sorafenib completely blocked cAMP stimulation of ERK and cell proliferation. Interestingly, 100 nM Sorafenib reduced P-ERK and proliferation to levels that were below the control group, suggesting that this concentration completely inhibited cAMP-dependent ERK activation. To examine the effect of Sorafenib on cAMP-induced proliferation in the absence of a potential contribution of receptor tyrosine kinase stimulation, we treated ADPKD cells with Erlotinib (Tarceva; gift from Genetech, South San Francisco, CA), a small molecule inhibitor of EGF receptor (HER1/EGFR). In the presence of Erlotinib, cAMPstimulated ADPKD cell proliferation and Sorafenib completely blocked the mitogenic effect of cAMP (Fig. 2) .
Effect of Sorafenib on B-Raf and Raf-1 kinase activities. Sorafenib does not distinguish between Raf isoforms and is capable of inhibiting both Raf-1 and B-Raf. In biochemical assays, Sorafenib potently inhibited Raf-1 (IC 50 6 nmol/l), B-Raf (IC 50 22 nmol/l), and constitutively active B-Raf V600E (IC 50 38 nmol/l) (29); however, single-digit micromolar concentrations of Sorafenib were required to inhibit B-Raf and Raf-1 in cancer cells (24, 40) . Sorafenib is known to bind serum proteins, therefore requiring a higher concentration of drug for Raf inhibition in cells grown in serum-containing media. To examine the effect of Sorafenib on B-Raf and Raf-1 Fig. 2 . Effect of Sorafenib on B-Raf and Raf-1-mediated proliferation of ADPKD cells. ADPKD cells were treated with 10 nM Erlotinib (Tarceva; Genentech, South San Francisco, CA), a receptor tyrosine kinase inhibitor, to reduce the activity of Raf-1 by basal stimulation of the epidermal growth factor receptor (EGFR). In ADPKD cells, 100 M cAMP increased B-Raf activity, but it did not stimulate Raf-1 (43) . Thus, in the presence of Erlotinib, cAMP activation of MEK/ERK and cell proliferation are presumably mediated only through B-Raf signaling. Sorafenib inhibited cAMP-dependent cell proliferation in a concentration-dependent relationship, consistent with an inhibitory effect on B-Raf. To isolate the effect of Sorafenib on growth factor-mediated cell proliferation, H-89, a protein kinase A inhibitor, was used to inhibit endogenous cAMP activation of B-Raf. In the presence of H-89, cell proliferation induced by EGF (25 ng/ml) is probably mediated through both Raf-1 and B-Raf activation of the MEK/ERK pathway. Sorafenib inhibited EGFdependent cell proliferation in a concentration-dependent fashion that was similar to its effect on cAMP-dependent cell proliferation; n ϭ 3 different ADPKD cell preparations per experiment. *P Ͻ 0.05 compared with untreated control; ϩP Ͻ 0.05 and #P Ͻ 0.01 compared with cAMP or EGF treatment alone. Fig. 1 . Effects of Sorafenib on cAMP-dependent cell proliferation and extracellular signal-regulated kinase (ERK) activity in human autosomal dominant polycystic kidney disease (ADPKD) cells. Primary cultures of ADPKD cells were incubated with 100 M 8-Br-cAMP (cAMP) and concentrations of Sorafenib ranging from 10 to 100 nM. Rates of cell proliferation were determined by a Promega Cell Titer 96 MTT assay (A) and levels of phosphorylated ERK (P-ERK) were determined by immunoblot analysis (B). Addition of 100 nM Sorafenib caused a significant reduction in basal P-ERK levels and cell proliferation. Sorafenib caused a dose-dependent inhibition of cAMP-stimulated cell proliferation that was accompanied by a reduction in the level of P-ERK. *P Ͻ 0.01 and **P Ͻ 0.001 compared with control (open bars); ϩP Ͻ 0.01 and #P Ͻ 0.001 compared with cAMP treatment only. Lower concentrations of Sorafenib (0.01-1 nM) had no effect on baseline or cAMP-dependent cell proliferation (data not shown).
in ADPKD cells, the serum concentration was reduced to 0.002% (heat-inactivated FBS) and 8-Br-cAMP Ϯ Sorafenib (10 -100 nM) were added. B-Raf or Raf-1 was immunoprecipitated from cell lysates and then a kinase assay was performed using exogenous MEK as a substrate for phosphorylation (Fig. 3) . Treatment with cAMP alone for 15 min increased B-Raf activity above that of control-treated cells. By contrast, cAMP inhibited Raf-1 activity, a result consistent with PKA phosphorylation of Serine 338, an inhibitory site on Raf-1 (43). These results confirm that cAMP-dependent proliferation of ADPKD cells is mediated by the activation of B-Raf, not Raf-1. Treatment of ADPKD cells with Sorafenib ranging in concentration from 10 to 100 nM reduced basal activities of B-Raf, Raf-1, and ERK. Incubation with Sorafenib for 30 min before the addition of 8-Br-cAMP caused a dose-dependent inhibition of B-Raf activity and further reduction in Raf-1 activity. There was a corresponding reduction in the level of P-ERK. As shown in Fig. 3B , Sorafenib significantly reduced basal B-Raf kinase activity and completely blocked cAMPdependent activation of B-Raf in ADPKD cells.
Effect of Sorafenib on growth factor activation of ERK and proliferation of human ADPKD cells. EGF and insulinlike growth factor have been shown to stimulate ADPKD cell proliferation through activation of the Ras/Raf/MEK/ERK signaling pathway (8, 22, 43) . To determine whether Sorafenib also inhibits the mitogenic effect of growth factors on ADPKD cells, we incubated ADPKD cells with 25 ng/ml EGF alone or in combination with cAMP. EGF increased cell proliferation 50 Ϯ 11% (P Ͻ 0.05, n ϭ 6; Fig. 4A ) and P-ERK levels 56 Ϯ 18% (P Ͻ 0.05, n ϭ 3) above control (Fig. 4B) . Addition of Sorafenib inhibited the effect of EGF on ERK activation and cell proliferation with a similar dose dependency as its effect on cAMP-dependent cell proliferation (compare Fig. 4 with Fig. 1 ). To eliminate the potential contribution of cAMP, ADPKD cells were treated with H-89, a PKA inhibitor (Fig. 2) . In the absence of PKA signaling, EGF increased cell proliferation to ϳ60%, and Sorafenib caused a dose-dependent inhibition of cell proliferation that paralleled its effect in the absence of H-89.
Next, we examined the effect of Sorafenib on ADPKD cell proliferation induced by the combination of cAMP and EGF. We found that cAMP and EGF caused a significantly greater increase in cell proliferation compared with the individual effects of two compounds alone (Fig. 5) , as reported previously (10, 44) . Sorafenib, at a concentration as low as 10 nM, inhibited cell proliferation induced by the combination of cAMP and EGF, supporting the hypothesis that both agonists function through the Raf kinases to induce the proliferation of ADPKD cyst epithelial cells.
Effect of Sorafenib on human ADPKD cyst growth in vitro.
Microcysts were generated by culturing ADPKD cells within a polymerized collagen gel as described previously by this laboratory (35, 42) . After the cysts had formed, agonists were removed, and forskolin was added in the absence or presence of 50 nM Sorafenib. Forskolin, a direct activator of adenylyl cyclases that maximally elevates intracellular cAMP and stimulates ADPKD cell proliferation and fluid secretion (27) , caused an increase in the size of in vitro cysts (Fig. 6A) . Total cyst surface area (SA) increased from 0.003 Ϯ 0.001 cm 2 to 0.012 Ϯ 0.002 cm 2 , P Ͻ 0.001, n ϭ 6 wells (Fig. 6B ). The addition of Sorafenib reduced total SA of the cysts 75% compared with forskolin alone, consistent with the effect of Raf inhibition on cAMP-mediated cell proliferation. The effect of Sorafenib was also tested on ADPKD microcysts treated with a combination of forskolin and EGF. Addition of 50 nM Sorafenib at the beginning of the treatment period decreased total SA of the microcysts by 88.3% (Fig. 6, C and D) .
DISCUSSION
Role of B-Raf in cAMP-dependent cell proliferation in PKD.
The rationale for targeting B-Raf in ADPKD is based on studies that demonstrate that cAMP signaling stimulates BRaf, leading to ERK activation and proliferation of human Fig. 3 . Effect of Sorafenib on cAMP-dependent B-Raf and Raf-1 kinase activity in ADPKD cells. ADPKD cells in control media or media containing 100 M cAMP were treated with various concentrations of Sorafenib, ranging from 10 to 100 nM. Cells were incubated with Sorafenib for 30 min and then cAMP was added for an additional 15 min in the presence of Sorafenib. B-Raf and Raf-1 were immunoprecipitated from cell lysates for in vitro kinase assays using MEK as a substrate. Raf kinase activity was determined by immunoblot analysis using an anti-phospho-MEK antibody. Band intensities were quantified and reported as density units relative to control (set to 100). A: representative immunoblot for B-Raf and Raf-1 activities and levels of P-ERK in Sorafenib-treated ADPKD cells. B: effect of Sorafenib on cAMP-dependent B-Raf activity in cyst-derived cells from 5 ADPKD kidneys. *P Ͻ 0.05 and **P Ͻ 0.001 compared with the untreated control; ϩP Ͻ 0.01 and #P Ͻ 0.001 compared with treatment with cAMP alone.
ADPKD cyst epithelial cells. In addition, cystic kidneys of PKD animals, including Cy/ϩ rats, jck mice, and pcy/pcy mice, have elevated levels of intracellular cAMP and increased activity of the Raf/MEK/ERK pathway (17, 18, 20 -22, 25, 42-45) . Arginine vasopressin (AVP), an anti-diuretic hormone that binds to V2 receptors on cystic cells, is an important factor in cAMP production and disease progression in PKD (7, 16, 34, 37, 38) . V2 receptors are G protein-coupled receptors that stimulate adenylyl cyclases, enzymes that synthesize cAMP. It has been proposed that low intracellular Ca 2ϩ in cystic cells causes an increase in the activity of Ca 2ϩ -inhibited adenylyl cyclases and a decrease in the activity of Ca 2ϩ -dependent phosphodiesterases, enzymes that degrade cAMP (33) . Changes in the activities of these enzymes may raise basal cAMP to levels that are closer to the threshold for PKA activation. Consequently, a higher resting cAMP level could make ADPKD cells more sensitive to AVP stimulation and/or amplify the cAMP signal. Thus, normal plasma AVP may maintain intracellular cAMP at elevated levels in the cystic cells that stimulate the B-Raf/ MEK/ERK pathway and cell proliferation (1, 16) .
In normal renal cells, B-Raf is repressed by Akt phosphorylation of an inhibitory site (S365), in a PI3 kinase-and Ca 2ϩ -dependent manner. Thus, cAMP is unable to stimulate B-Raf and ERK in normal cells, but instead it inhibits Raf-1, leading to decreased P-ERK and cell proliferation. Pharmacological inhibition of PI3 kinase or Akt in normal renal cells relieves B-Raf inhibition, allowing cAMP-dependent activation of B-Raf, ERK, and cell proliferation (45) .
In ADPKD, mutations in either PKD1 or PKD2 result in insufficient expression of their protein products, polycystin-1 and polycystin-2, and predispose tubule epithelial cells to an abnormal mitogenic response to cAMP. The underlying hypothesis is that a defect in polycystin function reduces steady-state levels of intracellular Ca 2ϩ that relieves Akt inhibition of B-Raf, thus allowing cAMP activation of the B-Raf/MEK/ERK pathway. The role of Ca 2ϩ in regulating the mitogenic response to cAMP can be demonstrated experimentally. Restriction of intracellular Ca 2ϩ in wild-type cells with Ca 2ϩ channel blockers reduces Akt activity, allowing cAMP activation of B-Raf, ERK, and cell proliferation, mimicking the PKD phenotype (45) . Treatment of Cy/ϩ rats, a model of dominantly inherited PKD, with a Ca 2ϩ channel blocker caused a further increase in renal B-Raf and P-ERK levels, number of proliferating cells within the kidney, and total kidney volume (17) . Thus, reduced Ca 2ϩ and elevated cAMP in cystic epithelial cells appear to act synergistically to activate B-Raf, leading to inappropriate activation of MEK/ERK pathway which may be uniquely responsible for proliferation of these cells (42) . As such, we think that B-Raf is at the nexus between aberrant intracellular Ca 2ϩ and cAMP signaling that is responsible for activation of the ERK pathway and ADPKD cell proliferation.
Targeting B-Raf with Sorafenib. In contrast to the other Raf kinases, B-Raf is frequently activated by mutations and somatic mutations in B-Raf are found in as many as 8% of all human cancers (4) . A single point mutation in B-Raf (BRAF V600E ) leads to a constitutively active kinase that is associated with cancer (4); however, in the absence of other mutations, BRAF V600E leads to benign neoplasms, e.g., nevi (15) . In ADPKD, benign neoplastic growth of renal cysts appears to be caused by persistent B-Raf activation, not due to activating mutations in B-Raf, but rather due to decreased intracellular Ca 2ϩ levels and continual activation by cAMP (2) .
Many of the signaling molecules involved in cAMP-dependent proliferation of ADPKD cells are also components of the mitogenic pathways activated by growth factor stimulation. Raf kinases are central for ERK activation and cell proliferation by cAMP and growth factors; accordingly, small molecule Raf inhibitors may target both of these mitogenic signals. Recent studies showed that activation of MEK/ERK signaling by growth factors negatively regulates Rheb, a GTPase-activating protein, leading to increased activity of mTOR, a serine/ threonine kinase involved in the regulation of protein transla- Fig. 6 . Effect of Sorafenib on in vitro cyst growth of ADPKD cells cultured within collagen gel. A: ADPKD cells were dispersed within collagen gels and media containing 5 M forskolin and 5 ng/ml EGF were added for 3 days to induce cyst formation. Agonists were removed and control media (a), forskolin (b), Sorafenib (c), or the combination of the 2 compounds (d) were added for an additional 5 days. Gels were fixed in 1% formalin and total surface area (SA) of cysts with diameters greater than 100 m was measured. B: forskolin alone stimulated cyst growth above control and the addition of 50 nM Sorafenib completely blocked cAMP-induced cyst growth. C: in a second experiment, ADPKD cells were incubated with forskolin and EGF without (a) and with (b) 50 nM Sorafenib for 8 days. Afterwards, the gels were fixed and total cyst SA was measured. D: Sorafenib inhibited cyst formation induced by the combination of forskolin and EGF. *P Ͻ 0.001 compared with the untreated control; ϩϩP Ͻ 0.001 compared with treatment with forskolin alone; #P Ͻ 0.01 compared with forskolin ϩ EGF.
tion, responses to cellular energy, and cell cycle progression (5, 13) . This pathway has been implicated in PKD and rapamycin, an mTOR inhibitor, is being considered for treatment of PKD (32) . It is reasonable to speculate that a decrease in ERK activity due to Raf inhibition may also reduce the activity of the mTOR pathway.
Sorafenib is an orally available, small molecule Raf inhibitor that decreases ERK activity and inhibits proliferation of human cancer cells caused by activating mutations in the Ras/Raf pathway, including BRAF V600E (12, 24, 40, 41) . In biochemical studies, Sorafenib inhibits B-Raf and Raf-1 with an IC 50 in the low nanomolar range; however, higher concentrations are required to inhibit tumor growth in vivo (12) . In this study, we found that 10 to 100 nmol/l Sorafenib inhibited the basal activity of B-Raf, decreased P-ERK levels, and slowed ADPKD cell proliferation, consistent with the idea that endogenous production of cAMP contributes to the basal activities of B-Raf and ERK and cell proliferation.
Effect of Sorafenib on ADPKD cell proliferation stimulated by cAMP and growth factors. In the current study, we found that 8-Br-cAMP, a permeable form of cAMP, inhibited Raf-1, but increased B-Raf and ERK activities and stimulated ADPKD cell proliferation, consistent with previous reports (43, 44) . Sorafenib completely blocked cAMPdependent stimulation of B-Raf, ERK, and cell proliferation, confirming that the mitogenic effect of cAMP is mediated by activation of B-Raf and not by other cAMP-signaling pathways. Activation of receptor tyrosine kinases by EGF, transforming growth factor-␣, and insulin-like growth factor also stimulates the Raf/MEK/ERK pathway and proliferation of cyst epithelial cells (6, 19, 28, 43) . We found that Sorafenib inhibited ERK activation and cell proliferation stimulated by EGF alone or in combination with cAMP, and blocked in vitro cyst growth induced by cAMP and EGF. Taken together, these data suggest that inhibition of B-Raf and Raf-1, with these relatively low concentrations of Sorafenib, blocked the mitogenic effects of cAMP and EGF in these cells.
In summary, B-Raf appears to be uniquely activated in human ADPKD cyst epithelial cells by the combination of elevated intracellular cAMP and reduced intracellular Ca 2ϩ levels (42, 43, 45) . Here, we show that nanomolar concentrations of Sorafenib inhibit B-Raf, MEK/ERK signaling, cell proliferation, and in vitro cyst growth of human ADPKD cells stimulated by cAMP and/or EGF. These results demonstrate that ADPKD cells are exquisitely sensitive to Sorafenib and suggest that B-Raf inhibition with small molecule inhibitors may be a potential therapeutic approach to reduce the mitogenic effects of cAMP agonists on cyst growth.
